Carrot root cells were transformed with the coding or 5' noncoding regions of the carrot vacuolar H+ ATPase A subunit cDNA cloned in the antisense orientation behind the cauliflower mosaic virus 35s promoter. Bafilomycin-sensitive ATPase, H+-pumping, and 14C-O-methyl-glucose uptake activities were specifically inhibited in the tonoplast fractions of mutant cell lines. Protein gel blotting confirmed that the expression of the A subunit was inhibited in the tonoplast fraction, but not in the Golgi fraction. 'RHo-dimensional protein gel blots of total microsomes of wild-type and control transformant cell tines revealed two major immunoreactive polypeptides in the acidlc pl range. In contrast, highly purified tonoplast membranes contained only the less acidic polypeptide. Because the less acidic polypeptide was preferentially diminished in the two antisense cell lines, we infer that the antisense constructs specifically blocked expression of a tonoplast-specific isoform of the V-ATPase A subunit in carbt. Regenerated plants containing the antisense constructs exhibited altered leaf morphologies and reduced cell expansion. The altered phenotype was correlated with the presence of the antisense construct.
INTRODUCTION
Vacuolar H+-pumping ATPases (V-ATPases) are large, multimeric enzymes composed of a hydrophilic, catalytic V1 complex and a hydrophobic, membrane-spanning Vo complex. V1 is composed of two major subunits (A and B) and three minor subunits (C, D, and E), with a stoichiometry of A3B3CDE. The A and B subunits are related to the p and a subunits, respectively, of the FoF1-type ATPases (Gogarten et al., 1989) , with the catalytic site located on the A subunit (Nelson and Taiz, 1989) . VO contains six copies of a 16-kD proteolipid (c subunit) and one copy each of minor subunits of about 100, 38, and 19 kD (Nelson, 1991) . Recent electron microscope images of negatively stained vacuolar preparations have shown that the V1 complex forms a "ball-and-stalk" structure similar to the F, complex of the FoF1-type ATPases Klink and Lüttge, 1991; Taiz and Taiz, 1991) .
The primary function of V-ATPases is to provide the proton motive force for solute transport across various endomembrane compartments of eukaryotic cells, including vacuoles, lysosomes, Golgi bodies, endosomes, coated vesicles, and chromaffin granules (Forgac, 1989) . In plant cells, V-ATPases Current address: Department of Biological Chemistry, The Hebrew University of Jerusalem, Jerusalem, Israel, 91904. To whom correspondence should be addressed.
are present on the tonoplast, Golgi, and coated vesicle membranes (Chanson and Taiz, 1985; Fichmann et al., 1989) and are likely to be present on other related structures and organelles, including multivesicular bodies and the trans Golgi network. In addition to transport, V-ATPases in animal cells have been implicated in the regulation of receptor-ligand interactions in endosomes and post-translational modifications in the Golgi (Forgac, 1989) . The multiple locations and diverse functions of the V-ATPases suggest that the enzyme plays an essential role in eukaryotic cells. In yeast, which contains single copies of the vacuolar H+ ATPase genes, it has been possible to directly assess the metabolic role of the vacuolar ATPase by generating null mutants. Yeast null mutants obtained by disrupting the genes for the A, B, C, E, or c subunit are incapable of growth at neutra1 pH, are strongly inhibited by externa1 calcium ions, fail to carry out endocytosis of lucifer yellow, and exhibit protein mistargeting (Rothman et al., 1989; Foury, 1990; Hirata et al., 1990; Nelson and Nelson, 1990; Umemoto et al., 1990; Beltran et al., 1992) . Because the cells grow normally at pH 5.5, the V-ATPase-minus phenotype is conditionally lethal in yeast (Nelson and Nelson, 1990 ).
It has not been possible to carry out similar gene replacement experiments in higher eukaryotes; hence, the metabolic and developmental role of the V-ATPase in plant cells has not been directly tested. Plant cells have prominent central vacuoles that occupy more than 90% of the cell volume. One would predict that any perturbation of the osmotic machinery of the tonoplast would interfere with normal water uptake, thereby inhibiting plant cell expansion and growth. However, plant cells also have a second proton pump on the tonoplast, the H + pyrophosphatase, which potentially could serve as a backup system if the V-ATPase were impaired (Rea and Sanders, 1987) .
Antisense mRNA has proven to be a useful tool to inhibit the expression of specific genes in plants (Ecker and Davis, 1986; Rothstein et al., 1987; Smith et al., 1988; Van der Krol et al., 1988; Hamilton et al., 1990; Oeller et al., 1991) . To probe the function and possible isoforms of the V-ATPase in plants, we transformed carrot root tissue with two antisense constructs of the carrot A subunit cDNA, one corresponding to the entire coding region (cr) and the other consisting of 150 bp of the 5' noncoding sequence (ncr). We expected that the coding region antisense construct would block the expression of all possible A subunit isoforms, whereas the noncoding antisense construct would be isoform specific. As will be presented, however, both constructs had similar effects, specifically inhibiting the V-ATPase of the tonoplast. Morphological and anatomical observations on the phenotype of the regenerated antisense mutant plants are also described. The biochemical characterization of the antisense mutants were described by Fichmann (1991) . To determine whether the genomic DNA of the putative transformants contained the antisense DNA, polymerase chain reaction (PCR) analyses were carried out using a sequence from the T-DNA within the cauliflower mosaic virus (CaMV) 35S promoter as the left primer and the appropriate sequence from the coding or 5' noncoding regions of the A subunit as the right primer (see Methods). As shown in Figure 1 , DNA fragments of the expected size were detected. Bands at ~1.0 and ~350 bp were specifically amplified using DNA from the cr and ncr cells, respectively. These results confirm that the transformants contain at least one copy of the antisensecontaining T-DNA.
PCR was also used to detect the sense and antisense transcripts in the two transformed cell lines, as shown in Figure  2A . Lanes 2 and 3 of Figure 2A represent the PCR products when the left primer was used in the reverse transcriptase step to amplify the antisense transcript in the cr and wild-type cells, respectively. A band of the expected length, 350 bp, is present in lane 2, but is absent from lane 3. Lanes 4 and 5 represent the reciprocal experiment, using the right primer to amplify the sense transcripts of the two cell lines. Wild-type cells showed a prominent band at 350 bp (lane 5), whereas only trace amounts of the band were detectable in the cr cells (lane 4). These results suggest that the level of sense transcript may be reduced in the antisense transformant cells. Similar experiments were carried out with the ncr transformants. As shown in lanes 2 and 3 of Figure 2B , the sense transcript (150 bp) was readily detected in both the wild-type and the ncr antisense cells. When probed for the antisense transcript, only the ncr-transformed cells showed a clear band at 150 bp ( Figure 2B , lane 5); the wild-type DNA yielded multiple nonspecific bands (lane 4).
Biochemical Characterization of the Cell Lines
To determine whether the presence of antisense mRNA affected V-ATPase and proton-pumping activities in the transformants, cells from the four lines were homogenized, and the microsomal supernatants were centrifuged on step gradients to separate the tonoplast-enriched (fraction 1) and Golgi-enriched (fraction 3) membranes. As shown in Figure 3 , both bafilomycinsensitive ATPase activity and proton-pumping activity were inhibited in the tonoplast-enriched fractions of the two antisense transformants, relative to the wild-type cells. In contrast, the Golgi-enriched fractions of the two antisense mutants had normal levels of ATPase activity and elevated levels of protonpumping activity. The Golgi marker (latent UDPase) was not significantly affected by the antisense constructs, indicating that the transformed cells are normal with respect to the Golgi marker (data not shown).
Because the ATP-driven H + pump is known to be involved in driving secondary transport processes across the tonoplast, we measured the ATP-dependent uptake of 3-O-methyl-D-(U-14 C)glucose ( 14 C-OMG) into tonoplast vesicles (fraction 1) isolated from the four cell lines. Figure 4 shows the kinetics of uptake in wild-type, cr, ncr, and control cells. ATP-dependent 14 C-OMG uptake by wild-type and (3-glucuronidase (GUS) control cells was complete by 40 min, after which a decrease was observed, probably due to vesicle leakage. The rates of ATP-driven 14 C-OMG uptake are similar to those observed previously in other systems (Rausch et al., 1987 tonoplast vesicles isolated from the two antisense cell lines was negligible, in agreement with the inhibition of proton pumping activity shown in Figure 3 . The slightly higher levels of 14 C-OMG uptake by the ncr cell line is consistent with the slightly higher levels of H + -pumping activity measured in these membranes.
Protein Gel Blots
The level of expression of the 69-kD A subunit in the control and antisense cell lines was determined by protein gel blotting, using a monospecific antibody raised against a synthetic polypeptide. In preliminary experiments using total microsomal membranes, there was no apparent reduction in the level of A subunit in the antisense transformants relative to wild-type or control cell lines. To determine whether the tonoplast was specifically affected, protein gel blotting was subsequently carried out on tonoplast-and Golgi-enriched fractions obtained The control cell lines that were transformed with the GUS gene show nearly wild-type levels of uptake, whereas uptake activity is negligible in the two cell lines transformed with antisense DNA to the V-ATPase A subunit. from step gradients. As shown in Figure 5 , the amount of A subunit in the tonoplast-enriched fractions was much lower in the two antisense transformants (lanes 4 and 7), as compared with the wild type (lane 1). However, A subunit expression in the Golgi-enriched fraction was either stimulated, in the case of the cr mutant (lane 6), or unaffected, in the case of the ncr mutant (lane 9), relative to the wild type (lane 3). These results were thus consistent with the biochemical assays, in which it was shown that the tonoplast ATPase and proton pumping activities were specifically inhibited by the antisense DNA. ure 6B), two putative isoforms were observed at ~70 kD, both of which were in the acidic pi range. The more acidic of the two may consist of multiple components. In the wild-type blot, a third protein is visible at a lower molecular mass that is probably a degradation product because it was not always observed. Similar gel blots of microsomal membranes of the cr ( Figure 6C ) and ncr ( Figure 6D ) transformants were analyzed. Diminished levels of the less acidic isoform were observed in both cell lines. In addition, the more acidic isoform was often lower in the cr cells compared to the ncr cells.
To determine the identity of the inhibited isoform, highly purified tonoplast membranes were purified from carrot root protoplasts and analyzed by two-dimensional immunoblotting (see Methods). Figure 6E shows the pattern observed with purified tonoplast membranes. The monospecific antibody recognized only a single spot, which aligned with the less acidic of the two A subunit isoforms. Thus, both antisense constructs appear to preferentially inhibit expression of the tonoplast (i.e., less acidic) isoform.
Phenotypes of the Regenerated Plants
Calli from seven cr cell lines, representing at least seven independent transformation events, were regenerated into whole plants. Ten T1 plants, one or two from each cell line, were obtained, and all exhibited the same basic phenotype. The shoots were characterized by shortened petioles and finely dissected, fernlike leaves. The taproots developed abnormally due to extensive fusion with adjacent plantlets during tissue culture. Attempts to regenerate the ncr cell lines proved more difficult, and only a single plant was obtained. The leaflets of the ncr 
Two-Dimensional Gels
To further characterize the inhibition of the A subunit in the tonoplast-enriched fraction, immunoblots of two-dimensional gels of total microsomal membranes and purified vacuoles were carried out. Immunoblots of wild-type, GUS control, cr, and ncr cells are shown in Figures 6A to 6E. All of the blots are directly comparable except for wild type ( Figure 6A ), in which the isoelectric focusing (IEF) separation was performed using different ampholytes ("Pharmalytes"). The other IEF separations (Figures 6B to 6E) were performed using "Servalytes" (see Methods) over a narrower pH range, which increased the distances between the protein spots.
In both the wild-type ( Figure 6A ) and GUS control cells (Fig- Lanes 1 to 3, wild type; lanes 4 to 6, coding region antisense transformants; lanes 7 to 9, noncoding region antisense transformants. Lanes 1,4, and 7 are the tonoplast-enriched fractions; lanes 2, 5, and 8 contain a mixture of tonoplast and Golgi membranes; and lanes 3, 6, and 9 are the Golgi-enriched fractions. Fifteen micrograms of protein was loaded onto each lane. (A) Wild-type microsomes. The antibody recognized two putative isoforms at ~70 kD, which differed slightly in their isoelectric points. A third polypeptide with a smaller molecular mass was sometimes observed below the less acidic isoform and is believed to represent a degradation product. (B) GUS control microsomes. The same two putative isoforms are present as were observed in the wild type. Note that the apparent differences in isoelectric points between (A) and (B) through (E) are an artifact of using different ampholytes.
(C) Coding region transformant microsomes. The less acidic isoform T1 plant were smaller, darker, and more lobed than those of the cr plants (photographic data not shown). The T1 plants all flowered and produced viable seeds. Seeds were collected from all T1 plants (in the case of the cr antisense construct), but only the seeds from the plant with the most extreme phenotype were used for the T2 generation. The progeny of the T1 plant transformed with the cr construct displayed a continuous range of phenotypes. Only one of 60 plants was wild type in appearance, whereas the others ranged from moderately dissected to parental in phenotype, suggesting multiple transformation events. Examples of the opposite extremes in the phenotypes of the T2 generation are shown in Figure  7 . At the intermediate stage of development shown in Figure  7 , there is a large difference in the size of the young leaves and taproot. However, the fibrous root system seems to be unaffected in the stunted phenotype. In older plants, the leaves and taproots of the stunted individuals continue to enlarge, approaching the normal plants in size and shape. About 15 ncr T2 plants were obtained, all exhibiting the parental mutant phenotype. A comparison of the leaf morphologies of the wildtype, cr, and ncr T2 plants is shown in Figure 8 .
It was important to establish that the variation in phenotype among the T2 generation of the cr antisense transformants correlated with the presence of the antisense cDNA. PCR was used to amplify the same 1-kb T-DNA fragment from the cr construct ( Figure 1 ) using DMA isolated from leaves of T2 plants. As shown in Figure 9 , the cr construct was undetectable in the wild-type DMA ( Figure 9 , lane 2) and in the DNA from the T2 plant with a wild-type phenotype ( Figure 9 , lane 3). A trace amount was amplified when DNA from an intermediate type was used (Figure 9 , lane 4), whereas prominent bands were obtained with DNA from two individuals exhibiting the most extreme phenotype (Figure 9 , lanes 5 and 6). The variability in phenotype of the T2 plants may be the result of gene dosage effects arising from multiple transformation events.
Finally, to determine whether the reduction in leaflet size of the T2 transformants was caused by an inhibition of cell expansion or cell division, light microscopy was carried out. As shown in Figure 10 , cell expansion in the T2 leaves of the plants transformed with the cr antisense construct was inhibited by about 50% at the early stages of development. The outer epidermal cell walls were also thinner and less cuticularized (arrowhead) is reduced in amount, whereas the more acidic isoform is nearly normal. The more acidic isoform often appeared to separate into smaller spots, but this effect was not always observed. (D) Noncoding region transformant microsomes. The less acidic putative A subunit isoform (arrowhead) is barely visible, whereas the more acidic isoform is prominent. (E) Highly purified wild-type tonoplasts. A single polypeptide corresponding to the less acidic isoform is present. The proteins in (A) were separated in the IEF dimension using Pharmacia ampholytes, whereas the proteins in (B) through (E) were focused using Serva ampholytes (see Methods). The plant on the left resembles wild type with normal-sized leaves and a large taproot (curved because it was grown in a small pot). The plant on the right was germinated at the same time and grown under identical conditions. It is characterized by stunted leaves with more finely dissected leaflets and a shorter taproot. in the cr transformants. As the leaves approached maturity, cell expansion in the transformants approached that of the wild type ( Figures 10C and 10E) , although the blades of the mutants retained their dissected appearance. The latter suggests that cell division may also be affected.
DISCUSSION
Despite much indirect evidence supporting the function of the tonoplast H + ATPase in vacuolar solute accumulation, osmotic water uptake, and cell expansion, direct in vivo evidence has been difficult to obtain. In yeast it has been possible to generate V-ATPase null mutants by gene replacement, but such approaches are not yet feasible in higher eukaryotes. As an alternative approach, antisense mRNA has been shown to inhibit gene expression in higher plants (Ecker and Davis, 1986; Smith et al., 1988; Van der Krol et al., 1988; Hamilton et al., 1990; Oeller et al., 1991) . Although the exact mechanism by which antisense RNA inhibits gene expression is poorly understood, it is believed that the antisense transcript hybridizes with the sense transcript, blocking processing and translation, and/or accelerating turnover (Rothstein et al., 1987; Munroe, 1988) . Inhibition is rarely 100%, and the degree of inhibition can vary in different tissues (Van der Krol et al., 1988) . Nevertheless, antisense RNA remains the best tool available for inhibiting the expression of specific genes in plants.
Transformation of carrot cells with antisense DMA to the cr and 5' ncr of the V-ATPase A subunit cDNA inhibited the bafilomycin-sensitive ATPase, ATP-dependent H + -pumping and ATP-driven 14 C-OMG uptake activities in tonoplastenriched vesicles. The cr antisense construct inhibited more strongly (Figures 3 and 4) , which is expected because it should hybridize with the entire cr of the sense transcript, not just the 5' leader sequence. The activity results were consistent with immunoblots, which showed that the level of the A subunit was lower in the tonoplast fractions of the two antisense mutants. These results indicate that the two antisense cell lines are deficient in the tonoplast V-ATPase.
Surprisingly, the Golgi V-ATPase was either unaffected or even stimulated by the two antisense constructs. This conclusion was based on the ATPase and proton-pumping assays, as well as on immunoblot experiments using a monospecific antibody to the A subunit. Because the results were difficult to reconcile with a model based on inhibition of the expression of a single gene, we hypothesized that the tonoplast and Golgi might contain different isoforms. Support for the twoisoform model was obtained by analyzing immunoblots of twodimensional gels. Microsomal membranes of wild-type and GUS control transformants contained two main isoforms of the A subunit, both in the acidic pi range. Using barley microsomal membranes, DuPont et al. (1988) also detected two putative A subunit isoforms in immunoblots of two-dimensional gels. However, we found that highly purified carrot vacuolar membranes contained only the less acidic isoform. The persistence of the more acidic isoform in the antisense transformants and the high levels of Golgi ATPase activity suggest that the acidic isoform is associated with the Golgi complex.
The finding that both cr and ncr antisense constructs preferentially inhibit the more alkaline (tonoplast) isoform is difficult to explain. We predicted that the ncr construct would be isoform specific because it corresponds to the more variable 5' untranslated region. Because the A subunit is highly conserved (Gogarten et al., 1989) , the cr construct would be expected to inhibit all isoforms. The frequently observed elevation in the activity of the Golgi ATPase in the antisense transformants suggests that it may be up regulated in response to the antisense inhibition. An up regulation of mRNA levels was not detected during the PCR amplification experiments, although it is possible that the PCR primers failed to recognize the Golgi isoform sequence. Further studies are needed to clarify this issue.
Although two-dimensional gels of membrane proteins are subject to numerous artifacts (Hurkman and Tanaka, 1986) , i.okb- Figure 9 . Detection of the Coding Region Antisense Construct in the Genomic DMA of the T2 Generation.
A 1-kb fragment of the T-DNA containing the coding region antisense construct (see Figure 1 , lane 2) was amplified by PCR. Lane 1, DMA we recently obtained independent evidence for the existence of multiple A subunit isoforms in carrot. Genomic DNA gel blots suggest the presence of several putative genes, and genomic fragments representing three different genes for the A subunit have now been cloned and sequenced (Y. Braun and L. Taiz, unpublished data). Although the exons of the three cloned fragments are nearly identical, the introns exhibit major differences, suggesting that they are isoforms rather than alleles. Once complete sequences are available, it may be possible to design isoform-specific probes to verify the expression of the three genes. However, there is already evidence that at least some of the V-ATPase subunits are encoded by multigene families in higher eukaryotes. Starke et al. (1991) used PCR amplification to identify two separate genes encoding the A subunit in the primitive vascular plants Psilotum and Equisetum, and as many as four genes encoding the A subunit have been detected by DNA gel blots in tobacco (Narasimhan et al., 1991 In contrast, a single gene seems to encode the A subunit of the bovine vacuolar H+ ATPase, which may be a difference between plants and animals (Puopolo et al., 1991) . In animals,
the B subunit appears to be encoded by a small gene family (Südhof et al., 1989; Bernasconi et al., 1990; Nelson et al., 1992; Puopolo et al., 1992) .
It is not yet known whether vacuolar H+ ATPase isoforms are tissue specific or organelle specific. Support for the latter possibility comes from work with Chinese hamster ovary cells selected for resistance to diphtheria toxin (Robbins et al., 1984; Timchaket al., 1986; Stone et al., 1987) . The mutation, apparently caused by a single gene, results in defective acidification in endosomes, but not in lysosomes. It is also conditionally lethal when the cells are grown at 39.5OC. Kinetic analyses of the ATPase activity of purified endosomes demonstrated that the ATPase activity and 32P-ATP exchange activity of the mutant enzyme were strongly inhibited by preincubation at 44OC, suggesting that the mutation was in a structural gene for the ATPase (Stone et al., 1987) . The fact that the lysosomal proton pump was unaffected suggests that the subunits of the two organelles may be encoded by different genes. In kidney, Wang and Gluck (1990) Whereas it is often assumed that the tonoplast H+ ATPase drives the osmotic uptake of water into the central vacuole, facilitating cell expansion, the phenotypes of the tonoplast ATPase-deficient antisense mutants presented in this study offer the first direct evidence that this is, in fact, the case. Cell expansion in young leaves and taproots was strongly inhibited in the T2 plants transformed with antisense DNA, suggesting that the tonoplast H+ ATPase may play an important role in these tissues at early stages of development. Although it is tempting to attribute the reduced rates of cell expansion in the antisense transformants to a slower rate of osmotic adjustment, other explanations are possible. For example, cytosolic calcium levels may be elevated because of the reduced uptake by the vacuole. In yeast, the cytosolic calcium concentration is sixfold higher in the V-ATPase null mutants and is believed to be responsible for a variety of pleiotropic effects (Ohya et al., 1991) .
The fact that the fibrous root system is apparently unaffected in the T2 plants and that the older leaves and taproots continue to expand at a slow rate and gradually recover to nearly normal size may be due either to residual tonoplast H+ ATPase activity or to the activity of the H+ pyrophosphatase. The difference in the leaf morphologies of the cr versus ncr antisense mutants suggests that caution should be exercised before inferring phenotypic effects of inhibiting genes with antisense DNA. Given the existence of at least three isoforms, it is possible that the ncr construct is more specific for the tonoplast isoform than the cr construct, which should inhibit all isoforms more dr less equally. The results could indicate that slight alterations in the ratios of the isoforms of key metabolic enzymes may have dramatic effects on morphology.
METHODS

Construction of Binary Ti Plasmids Containing Antisense cDNAs
The plasmids containing the coding (cr) and noncoding (ncr) regions of the carrot A subunit were constructed as shown in Figure 11 . For the cr antisense construct, the starting material was the hgtll clone 74 containing the complete cr and the 3' ncr of the cDNA encoding the catalytic 69-kD subunit of the carrot V-ATPase (Zimniak et al., 1988) and only nine nucleotides of the 5' ncr. This short mRNA species is probably not a cloning artifact but is due to a shorter transcript initiated at the second TATA box (Zimniak et al., 1988; Struve et al., 1990) . After partia1 digestion with EcoRI, the complete cDNA was subcloned into the EcoRl cloning site of pBluescript SK+ plasmid (Stratagene). The Escherichia colistrain used for propagation of plasmids was XL1-Blue (Stratagene). The orientation was such that the noncoding strand was rescued after M13 helper phage infection. The interna1 EcoRl site was removed by oligonucleotide site-directed mutagenesis using the method described by Kunkel (1985) . The major part of the 3' noncoding region, including the poly(A) attachment signal and part of the pBluescript SK+ polylinker, was deleted by Smal digestion and subsequent religation. The cr, including nine nucleotides of the 3' ncr upstream of the Smal site, the 5' ncr, and part of the pBluescript SK+ polylinker were removed using EcoRV to produce a blunt end and Xbal.
This EcoRV-Xbal fragment was then subcloned in the reverse orientation into pGA643 , which had been digested with Xbal and Hpal to produce a blunt end.
For the ncr construct, the starting material was the hgtll clone 71 that includes 150 nucleotides from the 5' ncr (Zimniak et al., 1988) . After EcoRl digestion, the small fragment containing the 5' untranslated region and the 5'cr was subcloned into pBluescript SK+. This plasmid was then digested with Ddel and blunt ended with the Klenow fragment of DNA polymerase I (there is one Ddel site just before the translation start site). The 800-bp fragment containing the 5' untranslated region and about 650 nucleotides of the pBluescript SK+ plasmid, including the left side of the polylinker, was isolated and digested with Sstl, releasing about 150 bp of the 5' untranslated region plus a portion of the pBluescript SK+ polylinker. This fragment was then subcloned into pBluescript SK+ cut with EcoRV and Sstl. Utilizing the Hindlll and Xbal site of the polylinker, the untranslated region was then subcloned in the antisense orientation into pGA643 that was cut with Hindlll and Xbal.
The plasmid pB1121 (Clonetech, Palo Alto, CA) containing the same antibiotic resistance gene and the P-glucuronidase (GUS) gene driven by the cauliflower mosaic virus (CaMV) 35s promoter was used as the control plasmid.
Transformation of Agrobacterium tumefaciens
The pGA643 plasmids containing the cr and the ncr of the V-ATPase 69-kD subunit in the antisense orientation were amplified in E. coli and transformed into various strains of Agrobacterium using the freezethaw method as described by An et al. (1988) . Agrobacterium strains were used as follows: A281 carrying pTiBo542 (generously provided by G. An of Washington State University, Pullmqn), LBA4404, with the disarmed helper,plasmid pAL4404 (Clonetech), and Agi0 (a kanamycinsensitive derivative of EHAlOl [Hood, 19861) containing pTiBo542A T-DNA as the helper plasmid (obtained from R. Ludwig, University of California, Santa Cruz).
Carrot Transtormation and Cell Suspenslon Culture
Carrot (Daucus carota) disks were transformed according to a modification of the procedure described by van Sluys et al. (1987) . Carrot root slices, 2-mm thick, were placed on solid Murashige-Skoog medium (Murashige and Skoog, 1962) supplemented with 1% agar, 3% sucmse, 2 mglL I-naphthaleneacetic acid, and 0.3 mglL benzylaminopurine (BAP). A suspension of Agrobacterium cells was pipetted to the cut surface and cocultivated for 3 days in the dark at 25OC. The explants were then transferred to fresh selective medium containing O5 mg/mL carbenicillin, 0.25 mglmL cefotaxime, and 0.5 mglmL kanamycin. Kanamycin-resistant calli were subcultured in liquid Murashige-Skoog medium supplemented with 3% sucrose, 2 pglmL 2,4-dichlorophenoxyacetic acid, 0.2 pglmL BAR and 250 pglmL kanamycin and transferred every week to fresh medium. Although the presence of kanamycin did notseem toaffecttheATPaseactivitiesortheamountoftheAsubunit expressed in the transformants, for biochemical analyses the cells were grown in the absence of kanamycin and in the presence of 500 pglmL ampicillin to prevent contamination. The wild-type cells were also grown in the presence of ampicillin.
Control Cell Lines
Two controls were utilized in the biochemical studies: a nontransformed cell line and a cell line derived from root tissue transformed with a disarmed Ti plasmid (pB1121, Clonetech) containing the GUS gene driven by the CaMV 35s promoter, as described by Struve et al. (1990) .
Plant Regeneration and Microscopy
For shoot initiation, calli were transferred to Murashige-Skoog agar medium supplemented as given above with 3% sucrose, 250 pglmL kanamycin, and 2.0 mglL BA!? To induce roots, calli with shoots were transferred to Murashige-Skoog medium supplemented as described above with 2.0 mglL naphthaleneacetic acid. When the young T1 plantlets had regenerated green shoots and roots, they were transferred to sterile soil mix in a Magenta sterile box (Magenta Corp., Chicago). When they reached a height of about 3 to 4 cm, the containers were gradually opened to the ambient air over a 5-day period, during which time they were watered with sterile water and maintained under continuous light (85 pmol m-2 sec-I). After approximately 3 weeks, the young plants were transferred to pots containing soil mix and grown to maturity in the greenhouse. Seeds (the T2 generation) obtained from a single T1 plant, one showing the extreme phenotype, were germinated directly in soil and grown in the greenhouse in pots. For microscopy, tissue pieces were fixed in 4% glutaraldehyde in 0.1 M sodium cacodylate, pH 7.2. They were embedded in Spurr's resin, sectioned, stained with toluidine blue and basic fuchsin, and phatographed using a Leitz Diaplan microscope.
Detection of the Antisense DNA and mRNA by PCR Genomic DNA was isolated by the miniprep method of Dellaporta et al. (1983) , followed by cesium gradient purification according to Maniatis et al. (1982) .
The presence of the antisense transcript was detected using the polymerase chain reaction (PCR). Total RNA was isolated from the carrot calli as described by Logemann et al. (1987) , resuspended in diethyl pyrocarbonate-treated distilled water, and either digested with RNase-free DNase or purified as follows. After the ethanol precipitation step, the RNA was resuspended in 28 mL of diethyl pyrocarbonate-treated distilled water and was loaded on 9 mL of 5.7 M CsCl and centrifuged at 120,000gfor 24 hr at 22OC. The pellet was washed with 70% ethanol, resuspended in Tris-EDTA, pH 8, containing O.l0/0 SDS, extracted with phenollchloroform, and then precipitated with ethanol. The RNA was analyzed by denaturation with formamide, followed by electrophoresis on a 1% agarose gel containing 5 pg of ethidium bromide (Logemann et al., 1987) . cDNA synthesis was carried out using reverse transcriptase and the appropriate PCR primer to produce a cDNAlRNA hybrid as follows: 1 pg of total RNA was added to 2 units of RNase Block II placenta1 RNase inhibitor (Stratagene), 2 pL of a mixture of deoxyribonucleotide triphosphates (10 mM), 2 pL of 10 x reverse transcriptase buffer (500 mM Tris-HCI, 500 mM KCI, 60 mM MgCl2, 1 mglmL BSA, and 10 mM DTT, pH 8.3), and 1 pg of primer. For detection of the antisense transcript, the left primer was used (see below); the right primer was used to detect the sense transcript. The mixture was heated to 90°C for 5 min, and 2 pL of Moloney murine leukemia virus reverse transcriptase (20 units per microliter) (Stratagene) was added, bringing the volume to 20 pL. The tube was placed in a temperature cycling unit (PTC-100; MJ Research Inc., Watertown, MA) programmed for 30 min at 23OC, 1 hr at 42OC (to allow the reverse transcriptase reaction to occur), 10 min at 95OC, and 10 min at 68OC. One microliter of RNase (10 mglmL) was added after the 95OC step so that only the newly synthesized single-stranded cDNA was present during PCR. PCR was carried out by adding the second primer (1 m), 8 pL of 10 x PCR buffer (500 mM KCI, 13 mM MgCI2, 1 mg/mL BSA, pH 8.3), 2.5 units of Taq polymerase (Cetus Corp., Norwalk, CT), and 70.5 pL of water directly to the reverse transcriptase reaction mixture. After overlaying with mineral oil, PCR was run at 95OC for 5 min, followed by 30 cycles consisting of a 1-min denaturation step at 95OC, annealing at 37% for 1 min, and extension at 72°C for 3 min. The final extension was at 72% for 20 min. The reaction products were analyzed either on a 1% agarose gel containing 5 pg of ethidium bromide (coding region antisense construct) or on a 16% polyacrylamide gel (noncoding region antisense construct), followed by staining with ethidium bromide.
Primer Design
Genomic DNA The left primer used to detect the presence of the antisense constructs in genomic DNA was the same for both the cr and ncr mutants. The sequence was taken from the CaMV 35s promoter (5LGCTATCGTT-CAAGATGCCTCTG-37, which should be present only in the transformants. The right primer for the cr construct corresponded to the sense sequence (5'-AACATGCCGGTTGCAGCCAGAGAGGCT-TCAATTTATACAGGAATC-39, which should generate a fragment of -1.0 kb when used with the left primer. The right primer for the ncr (5'-GGAATTCGGGCACTTCTTTAC-39, which corresponds to the sense sequence in positions 1 to 21 of the cDNA (Zimniak et al., 1988) , should generate a fragment of -350 bp.
Antisense mRNA
The left primer for detecting the coding region antisense mRNA in the reverse transcriptase step was identical to the region between positions 976 and 996 (GTTTATcrrTGGTTGCGGGGA) of the cDNA (Zimniak et al., 1988) . The left primer for detecting the noncoding region antisense transcript corresponded to the sequence between positions 1 and 21 in the 5' noncoding region (5'-GGAATTCGGGCA-CTTCTTTAC-3') . l h e right primers for detecting the sense transcripts were the complementary sequences of the region between positions 1309 and 1330 (5'-GCACGCTCATAGAAGGACGC-39 and of the region between positions 129 and 150 (B'TCAGATTCAGAT-AAAATCGAT-3') (Zimniak et al., 1988) for the cr and ncr transformants, respectively. The expected lengths of the amplified sequences for the cr and ncr cells were 356 and 150 bp, respectively.
lsolation of Carrot Membranes Microsomal Pellets
Five hundred milligrams fresh weight of calli or 5 mL of cell suspension (both gave identical results) was homogenized in 1 mL of cold homogenization buffer (250 mM sucrose, 2 mM EDTA, 1 mM DTT, 0.5 mM phenylmethylsulfonyl fluoride [PMSq, 0.1% BSA, 50 mM Tris/Mes, pH 5.8) and pelleted in an Eppendorf microcentrifuge for 1 min at 5000 rpm. The supernatants were then centrifuged in a TL100.2 rotor in a Beckman TL 100 ultracentrifuge at 55 K for 10 min at 4OC. The pellets were resuspended in 300 pL of resuspension buffer (1 mM EDTA, 250 mM sorbitol, 1 mM DTT, 0.5 mM PMSF, 0.25 mM chymostatin, 10 mM TrislMes, pH 7.5). Profein concentration was determined by the Lowry method as previously described (Mandala and Taiz, 1986 ).
Linear and Step Sucrose Gradients
Cell suspensions (8 g fresh weight of tissue) were homogenized twice with 7. 4 mL of homogenization buffer and pelleted (10009 for 5 min), and. the supernatant was layered onto a linear gradient (12 to 43% sucrose in gradient buffer, consisting of 0.5 mM EDTA, 20 mM KCI, 1 mM DTT, 0.5 mM PMSF, in 2.5 mM TridMes, pH 7.5) or onto a step gradient (10 to 18 to 25 to 35% sucrose in gradient buffer). The gradients were centrifuged for 3 hr at 26000 rpm in a rotor (model No. SW 28.1; Beckman). One-milliliter fractions were collected from the linear sucrose gradient, or 1.5-mL fractions were collected from the 10 to 18% (fraction l), 18 to 25% (fraction 2), and 25 to 35% (fraction 3) interfaces of the step gradient. Fraction 1 was the tonoplast-enriched fraction, fraction 3was the Golgi-enriched fraction, and fraction 2 was' a mixture of tonoplast-and Golgi-enriched membranes.
, .
Purified lonoplasts
Highly purified vacuoles were isolated from carrot taproot phloem by the method of Keller (1988) . The purified vacuoles were lysed and pelleted according to the procedure described previously (Taiz and Taiz, 1991) .
Monospeciflc Antibody to the A Subunit
Monospecific antibodies raised against a synthetic polypeptide based on a sequence that occurs near the amino terminus (FEDSEKESE-YGYVR) were used to detect the A subunit on immunoblots. The polypeptide was synthesized (Biomolecular Resource Center, University of California, San Francisco) directly onto a branching lysine core as described by Posnett et al. (1988) . The resulting branched product can be used directly for antibody production without further coupling to a protein. Rabbit polyclonal antisera to the synthetic peptide was prepared as described by Mandala and Taiz (1986) , except that subcutaneous rather than intradermal injections were given.
Protein Gel Blots
SDS-PAGE and immunoblots of the membranes from the microsomal pellet or from the sucrose gradient fractions were performed as previously described by Fichmann et al. (1989) using the monospecific antibody described above. For twdimensional gels, microsomal pellets were solubilized using the urea-Nonidet P-40 method according to Hurkman and Tanaka (1986) . Sixty microliters of membranes (2 mglmL protein) was solubilized with 150 pL of solubilization buffer consisting of 9.5 M urea, 2% Nonidet P-40,5% P-mercaptoethanol, and 2% ampholytes. lnitial experiments were carried out with ampholytes from Pharmacia ("Pharmalytes") (Uppsala, Sweden) (1.6% pH 4 to 6.5 and 0.4% pH 3.5 to 10). We subsequently switched to "Servalytes" (Serva, Heidelberg, Germany) (1.6% pH 3 to 10,0.4% pH 5 to 7). In some cases, the protein was first extracted with phenol, followed by Nonidet P-40 solubilization (Hurkman and Tanaka, 1986) . Electrophoresis was carried out in a Hoefer SE 250 "Mighty Small" unit. The first dimension was run as follows. After 30 min of prefocusing at 100 V, the samples (12 to 20 pL) were separated by isoelectric focusing (IEF) in a tube gel at 500 V for 3 hr as described by Hurkman and Tanaka (1986) . For the second dimension, the tube gel was first equilibrated in sample preparation buffer (2% SDS, 10% glycerol, 125 mM Tris, 1 mg pyronin Y, pH 6.8) for 5 min and then transferred onto a 10% SDS-polyacrylamide slab gel and sealed with sealing solution (24 mM Tris, 0.2 M glycine, 0.1% SDS, and 05% agarose, pH 8.6). Following electrophcresis, the protein was electrotransferred onto nitrocellulose paper and probed with the monospecific antibody to the A subunit as described by Fichmann et al. (1989) . The pl values were estimated from the positions of the standards (3 to 10 pH range) after silvei staining the two-dimensional gels.
Enzyme and Traansport Assays
ATP-dependent H+ pumping, ATPase, and latent-UDPase activities were measured according to Chanson and Taiz (1985) . Vacuolar ATPase (V-ATPase) activity was measured as bafilomycin-sensitive activity (Bowman et al., 1988) . ATP-dependent 3-Omethyl-D-(U-14C)glucose (12.06 MBqlmmol, Amersham) uptake in tonoplast vesicles from a step gradient was determined by the method of Rausch et al. (1987) .
